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Abstract: With an objective to develop electrode materials with high specific capacitance and good stability, a completely
new nanocomposite of Polypyrrole (PPY) and graphene quantum dots (GQD) was successfully obtained through in-situ
polymerization of pyrrole in the presence of GQD suspension. The obtained composites with different mass ratios were
characterized by X-ray diffraction(XRD), Fourier transformed infrared spectroscopy(FT-IR) and scanning electron microscopy
(SEM). GQD enhanced electrochemical performance of PPY and, as supercapacitor electrodes, the PPY/GQD composites
with the mass ratio of PPY to GQD at 50:1 showed a competitive specific capacitance of 485 F窑g-1 at a scan rate of 0.005
V窑s-1. The attenuation of the specific capacitance is about 2% after 2000 cycles. The high specific capacitance and good
stability of the PPY/GQD nanocomposites are promising for applications in electrochemical supercapacitors.
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Environmental pollution and increasing deple-
tion of fossil fuels have created great interest in alter-
native energy technologies[1-2]. As one of the key tech-
nologies to promote the development of renewable
energy source, energy storage is always hot spot. Re-
cently, lots of efforts have gone into developing lithi-
um ion batteries and supercapacitors[3-7]. Supercapaci-
tors, which were also called electrochemical capaci-
tors or ultracapacitors[8-9], are energy storage devices
between secondary batteries and traditional capaci-
tors. And, because of their longer cycle life, lower
cost and better environmental friendliness than sec-
ondary batteries[10], supercapacitors have gained much
attention over the past decades. With these wonderful
advantages, they have been widely used in electrical
vehicles, portable electronics and mobile communi-
cations[9-11].
In general, supercapacitors possess two energy
storage mechanisms: the electrical double-layer ca-
pacitance (EDLC) and the pseudocapacitance. The
energy in EDLC is stored using ion adsorption, while
the energy in pseudocapacitance can be stored by fast
surface redox reactions[12-13]. In any case, their excel-
lent properties are greatly depend on the electrode
materials, and the ideal electrode material for super-
capacitors should have high electrical conductivity,
good stability, and exceptional capacity [14]. Porous
carbon materials[15] and conducting polymers, such as
polyaniline (PANI) [16-17], polypyrrole (PPY) [18-19] and
polythiophene (PTH)[20], have been employed as elec-
trode materials of supercapacitors. PPY, with a high
electrical conductivity and good mechanical strength,
is a promising electrode material for supercapacitors.
However, their poor processing property and lower
stability restrict their further applications. Therefore,
modification of the conductive polymers with carbon
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materials is the traditional way. Graphene, a sin-
gle-atom-thick two-dimensional graphitic carbon ma-
terial, is a basic building block for graphitic materials
of all other dimensionalities and has attracted intense
interest because of its extraordinary electrical con-
ductivity and chemical stability [21]. But, graphene
tends to aggregate in applications, thus it is a good
solution to use the synergies of PPY and graphene to
solve the problem. Therefore, many researchers focus
their study on graphene/polypyrrole composites.
Bose et al modified polypyrrole with graphene,
and they gained electrodes with a high specific capac-
itance of 267 F窑g-1 at the scan rate of 0.1 V窑s-1. How-
ever, the composite retains only 90% of specific ca-
pacitance just after 500 cycles [14]. Zhang et al also
synthesized graphene/polypyrrole composites and
made them into electrodes. They found that the spe-
cific capacitance was 482 F窑g-1 at a current density
of 0.5 A窑g-1[10]. In our previous work, we have synthe-
sized layered polypyrrole/chemically reduced
graphene oxide (PPY/CRGO) nanocomposites as su-
percapacitor electrodes through in-situ polymeriza-
tion of pyrrole on graphene oxide (GO) sheets[22]. The
electrochemical performance of the composite is ex-
cellent with capacitance of 421 F窑g-1 which could be
further increased to 509 F窑g-1 by introducing pores
into it. However, the introduction of pores not only
reduced the mechanical properties, but also took
much more time. Meanwhile, the cycle stability of
the electrodes of above work is all somewhat lower,
which may be brought about by the defects of the
graphene oxide. These defects have several types and
it is still difficult to explain their formation. These
defects could decrease the electrical conductivity and
even the capacitive behavior[23]. But, perfect graphene
oxide can hardly be gained through the oxidization
and exfoliation of bulk graphite. Therefore, in order
to solve this problem, we cut the graphene oxide into
graphene quantum dots along the defects by Pho-
to-Fenton reaction to increase its electrical conductiv-
ity by decreasing the defects. An article recently pub-
lished on-line from our group proved that GQD pre-
pared by this method really have fewer defects[24].
Then, the nanocomposites of polypyrrole (PPY) and
graphene quantum dots (GQD) may have better sta-
bility and even higher specific capacitance.
In this paper, the composites of PPY and GQD
are synthesized simply by in-situ polymerization of
pyrrole monomer in the presence of GQD suspension.
The high specific capacitance of 485 F窑g-1 is obtained
at a scan rate of 0.005 V窑s-1 and the attenuation of the
specific capacitance is about 2% after 2000 cycles at
the scan rate of 0.05 V窑s-1, which indicates that the
cycle performance of the electrode was greatly in-
creased. Thus, the new nanocomposites have a better
electrochemical performance with the help of GQD




Natural graphite (crystalline powders, ~ 500
mesh) was acquired from Shanghai Yifan Company
(Shanghai, China). Pyrrole monomer, ammonium
persulfate(APS), NaNO3 and KMnO4 were purchased
from Sinopharm Chemical Reagent Co. Ltd. HCl and
H2SO4, ethanol were gained from Shanghai Lingfeng
Chemical Reagent Co. Ltd. (Shanghai, China).
Graphene oxide (GO) was prepared by the modified
Hummers method[25-26].
1.2 Preparation of PPY/GQD Composites
and Electrodes
PPY/GQD composites (PGQD) were prepared
through in-situ polymerization of pyrrole in the pres-
ence of GQD suspension. First, Graphene Quantum
Dots (GQD) was obtained by Photo-Fenton reaction
of GO. 25 mL of 1 mg窑mL-1 GO was mixed with 2
mL H2O2 in a 40 mL quartz tube. Then the quartz
tube was put in the photocatalytic equipment for 1 h
under 1000 watts light of mercury lamp. In this way,
we got GQD with the average size of 50 nm and good
dispersion. To remove impurities, the pyrrole
monomer was pre-purified by distillation under vacu-
um. Typically, 100 mg (104 滋L) of purified pyrrole
monomer was added into the 40 mL GQD suspension
of 0.05 mg窑mL-1, then stirred for 30 min in an ice
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bath about 0 ~ 2 毅C. In the process, the pyrrole
monomer was adsorbed onto the surface of GQD.
Then 10 mL of APS (34wt%, mole ratio of pyrrole:
APS = 1:1) was slowly added into mixture. The poly-
merization started in 5 ~ 6 min later, and it could be
observed that the above mixture turned from trans-
parent to black. Finally, the nanocomposites were ob-
tained after another 30 min stirration. The obtained
product was filtered and washed with ethanol and
distilled water each for 3 times, and then dried at 40
毅C in a vacuum oven for 8 h. The dry powder was
named as PGQD50.
To get optimum ratio of composites, we also
prepared the composites with pyrrole to GQD mass
ratios of 200:1,100:1, 30:1, 20:1, 10:1 and 5:1, and
named them as PGQD200, PGQD100, PGQD30,
PGQD20, PGQD10, and PGQD5, respectively. For
comparison, pure PPY and PG10 (PPY/CRGO
nanocomposites with the mass ratio of 10:1) were al-
so prepared through the similar procedure[22], to prove
that GQD really enhanced the electrochemical prop-
erties of PPY as supercapacitor electrode.
In a typical preparation of electrodes, 5 mg sam-
ple was pressed into a wafer under a pressure of 2.5
MPa. Then a thin copper wire was connected with the
wafer after silver conductive adhesive was painting
on it. Additionally, the silver conductive adhesive
and the copper wire were covered by a passive layer
(Epoxy), to prevent the corrosion of electrolyte.
1.3 Characterization Methods
AFM images of GQD were acquired using a
Multimode Nanoscope V scanning probe microscopy
(SPM) system (Bruker, USA) in tapping mode. The
used AFM cantilever tips are with a force constant of
~ 50 N窑m-1 and resonance vibration frequency of
~ 350 kHz. Scanning electron microscope (SEM)
measurements were carried out by a field emission
scanning electron microanalyzer (Zeiss ultra 55, Ger-
many) at an accelerating voltage of 5.0 kV. X-ray
diffraction (XRD) data were collected by X-ray pow-
der diffraction (D/max-2600PC, Japan) using Cu K琢
radiation (姿 = 0.154 178 nm) to identify the structure
and species of samples. Fourier transform infrared
spectroscopy (FTIR) spectra were measured using an
EQUINOX 55 FT-IR spectrometer(Bruker, Germany)
by grinding the dried powder of samples and KBr to-
gether, and then compressed into thin pellets under
20 MPa.
1.4 Electrochemical Measurements
SZ-82 digital four-point probe system (Suzhou,
China) was used to conduct the electrical conductivi-
ty measurement of the electrodes. Cyclic voltamme-
try (CV), galvanostatic charge-discharge, electro-
chemical impedance spectra (EIS) were measured on
a CHI 660C three-electrode electrochemical worksta-
tion (Shanghai, China). The electrolyte was 2 mol窑L-1
H2SO4 aqueous solution. An Ag/AgCl electrode and a
platinum wire were used as the reference and the
counter electrode, respectively. The cyclic voltamme-
try (CV) response of the electrodes were measured at
different scan rates varying from 0.005 V窑s-1 to 0.1
V窑s-1 within the potential range of -0.2 to 0.45 V.
Galvanostatic charge-discharge was carried out at a
current density of 1 A窑g-1. EIS was collected with the
frequency range from 0.01 Hz to 100 kHz.
2 Results and Discussion
2.1 Characterizations
It is well known that the graphene oxide
nanosheets contain plenty of hydroxyl, carboxyl, e-
poxide groups as well as defects on their surfaces
when they were prepared through the oxidization and
exfoliation of bulk graphite. Those groups and de-
fects can爷t be fully repaired by reduction, and will
surely bring the negative effect to the composites of
PPY and CRGO as supercapacitor electrodes, for ex-
ample cycling stability and conductivity[22]. Therefore,
we speculate that quantum dots cut from the
graphene oxide nanosheets along the defects by Pho-
to-Fenton reaction will enhance electrochemical per-
formance of polypyrrole. Fig. 1 depicts the typical
tapping mode AFM images of the individual GQD,
with the diameter of about 50 nm from Fig. 1. The
thickness, measured from the height profile of the
AFM images, is about 1.0 nm as shown in the insert-
ed image of Fig. 1B.
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The PPY/GQD composites were prepared by
in-situ chemical oxidative polymerization of pyrrole
using various concentrations of GQD served as soft
template, and the SEM images of pure PPY, PG10,
PPY/GQD composites are shown in Fig. 2A ~ D. Due
to physical fusing or the crossing polymerization a-
mong the particles, we could see a typical PPY spher-
ical morphology with a diameter about 200 nm in
Fig. 2A. Although the spherical morphology of the
composites is similar to that of the pure PPY, the size
of PGQD10 (Fig. 2B) and PGQD50 (Fig. 2C) parti-
cles is about 80 nm, much smaller than 200 nm of
PPY. Since the original GO used in the work shows
unique two dimensional (2D) layered structure [25-26],
morphology of PG10 is also layered but thicker, as
showed in Fig. 2D. Because the GO has been fully
turned into GQD after Photo-Fenton reaction, mor-
phology of PPY/GQD composites is so different from
that of PG10. The particles of PGQD50 look like
more satiated than those of PGQD10. And the mor-
phology of the other PPY/GQD composites is all sim-
ilar with them. The possible reason is that the ratio of
50:1 happens to be the optimum ratio. When the ratio
increased to a certain level, GQD are unable to pro-
vide enough templates for growth of pyrrole
monomer on them. Therefore, morphology of
PPY/GQD composites does not change again. Dis-
cussion above implies that PPY was polymerized on
the GQD surface.
2.2 XRD and FT-IR Analysis
Fig. 3A shows the XRD patterns of PGQD50
with the diffraction peaks at 2兹 = 15.3毅 and 22.2毅 .
The diffraction peaks at 2兹 = 15.3毅 may be attributed
to partial reduction of GQD [27]. The characteristic
peak of amorphous for pure PPY appears at about 2兹
= 26毅 [28]. Because of the GQD爷s adding in the com-
posite, the broad peak shifts from 2兹 = 26毅 to 22.2毅 ,
implying that the GQD and PPY have been effective-
ly interacted. The value of interplanar spacing is
about 0.39 nm for the broad peak about at 2兹 = 22.2毅,
which is identical to the 仔-仔 stacking distance [10].
Therefore, we can believe that there probably exists
仔-仔 stacking between the PPY and GQD.
FT-IR spectra of PGQD50 were also acquired
and compared with those of pure PPY and GQD, so
as to get insight into the interactions between PPY
and GQD, showed in Fig. 3B. We can see the typical
PPY ring vibrations at 1546 cm-1 and 1464 cm-1, the
C要N stretching vibration at 1042 cm-1 on the FT-IR
spectrum of pure PPY [29]. Before the polymerization
of the PPY on GQD, the stronger C=O stretching vi-
bration band (1716 cm-1), C=C vibration band (1616
cm-1), and C要O stretching band (1050 cm-1) could be
observed on the FT-IR spectrum of the GQD [30]. As
the formation of the nanocomposites, for example
PGQD50, the aforementioned vibration bands related
to the oxygen-containing groups of the GQD disap-
peared gradually. At the same time, several new
bands at 1550, 1470 and 1045 cm-1 appeared, which
are close to those of the stretching vibrations of pure
PPY, but they shifted a little bit to the high wavenum-
bers. These results indicate that some of the oxygen
Fig. 1 Tapping-mode AFM images of GQD
A. Phase diagram; B. Height diagram (inserted im-
age is the height profile of the line shown in B)
Fig. 2 SEM images of pure PPY (A), PGQD10 (B),
PGQD50 (C) and PG10 (D)
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containing groups of GQD have been removed,
showing that the pyrrole molecule could be used as a
reluctant[31]. This result was correspondent with XRD
test, and parts of GQD in the composites are reduced.
Through characterizations of composites above, PPY
and GQD have successfully synthesized together.
Thus, we can further use electrochemical testing
methods to study this new composite.
2.3 Electrochemical Performance
The electrochemical performance of the samples
as the electrode material for supercapacitors was test-
ed by cyclic voltammetry (CV), galvanostatic charge-
discharge and electrochemical impedance spectra
(EIS) in three-electrode system. The CV curves of
different composite electrodes with a potential win-
dow from -0.2 to 0.45 V (vs. AgCl/Ag) are shown in
Fig. 4A, which are nearly rectangular and symmetric,
indicating it is an electrical double-layer capacitor
(EDLC). And there exists only a small redox peak at
about 0.37 V, illustrating the excellent reversible sta-
bility and ideal capacitive behavior of the composites.
This small redox peak may be caused by the reduc-
tion of the residual oxygen-containing groups in
PPY/GQD composites during the electrochemical
process at a scan rate of 0.005 V窑s-1. The average
specific capacitance of the materials is calculated
from CV measurements using the following equation:
Capacitance(Cm) = Sv驻Vm (1)
where 驻V is interval between the highest and the
lowest scanning voltage, m is the mass of composite
in the electrode, S is the area of current-potential
curve in CV test, and v is the potential scan rate.
All specific capacitance data of composites un-
der the fifth cycle at a scan rate of 0.005 V窑s-1 are
collected in Tab. 1. The specific capacitance of pure
PPY in our work is 344 F窑g-1. It can be seen that the
PPY/GQD composites with PPY to GQD ratio of 50:1
have the highest specific capacitance of 485 F窑g-1. In
PGQD5 with specific capacitance of 394 F窑g-1, there
are lots of GQD and some of them agglutinate togeth-
er, leading to lower dispersion and specific capaci-
tance. On the other hand, in PGQD200 with specific
capacitance of 357 F窑g-1, there are fewer GQD and
they are unable to provide sufficient templates, leav-
ing the specific capacitance not be improved so
much. From the experimental data above, we can see
that the composites of GQD and PPY really have a
certain synergy. In order to make the materials have
the largest capacitance, we need to find the optimal
Fig. 3 XRD patterns of PGQD50 (A) and FT-IR spectra of pure PPY, PGQD50 and GQD (B)
Tab. 1 List of the specific capacitances of all composites at a scan rate of 0.005 V窑s-1
Sample PGQD5 PGQD10 PGQD20 PGQD30 PGQD50 PGQD100 PGQD200
Capacitance/(F窑g-1) 394 418 432 455 485 455 357
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mass ratio of PPY to GQD. When the mass ratio of
PPY/GQD is lower than optimal mass ratio, lots of
GQD agglutinate together. When the mass ratio of
PPY/GQD is higher than optimal mass ratio, there are
not enough templates for PPY growing. Further study
of optimal electrode materials showed in Fig. 4.
In Fig. 4A, the larger of the area of current-po-
tential curve, the higher specific capacitance we can
get at the same scan rate. Obviously, CV curve of
PGQD50 got a larger area, while it reached a higher
specific capacitance of 485 F窑g-1 at a scan rate of
0.005 V窑s-1. The variation in the specific capacitance
of PPY/GQD nanocomposites with different ratios as
a function of scan rate is shown in Fig. 4B. It can be
seen that the specific capacitances increased as the
scan rate decreased in Fig. 4B, and PGQD50 have
higher specific capacitance at all different scan rates.
The high value of specific capacitance of PGQD50 at
a lower scan rate is not only due to the oxidation or
deoxidation of 琢-C or 茁-C atoms, but also the ions get
enough time to migrate freely in PGQD50 matrix[14].
Based on discussion above, we believe PGQD50
is optimal among all PPY/GQD samples, with highest
specific capacitance, and its stability is worth looking
forward. Fig. 5A shows, as the scan rate increases,
the area of CV curves also increases. In addition, the
attenuation of the specific capacitance is about 2%
after 2000 cycles at a scan rate of 0.05 V窑s-1, showed
in Fig. 5B, indicating it has a good cycling stability.
Due might to the further reduction of the residual
oxygen-containing groups in PPY/GQD composites
during the electrochemical process, an increase of ca-
pacitance is observed in the first 100 cycles. A simi-
lar phenomenon was reported by others[10]. However,
we believe fewer defects in GQD may be the reason
why the composites have great cycling stability[24].
In order to compare the capacitances of
PPY/GQD composites, PPY/CRGO composites and
Fig. 4 CV curves at a scan rate of 0.005 V窑s-1 (A) and the specific capacitances at various scan rates (B) of PGQD5, PGQD10,
PGQD20, and PGQD50 electrode
Fig. 5 CV curves at different scan rates (A) and cycling stability at the scan rate of 0.05 V窑s-1 of PGQD50 (B)
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pure PPY, electrochemical tests of pure PPY and
PG10 are conducted in the same way. The PG10 have
the highest specific capacitance among all PPY/CR-
GO samples[22]. Fig. 6A shows the area of CV curve of
PGQD10 is larger, which means higher capacitance
than PPY and PG10, 344 F窑g-1 and 340 F窑g-1, respec-
tively. Galvanostatic charge-discharge curves ob-
tained at a current density of 1 A窑g-1, seen in Fig. 6B.
Obviously, the discharging rate of PGQD10 electrode
is slower than that of the pure PPY and PG10, indi-
cating it has higher capacitance[22].
Better capacitance performance may be affected
by better conductivity. Therefore, EIS and conductiv-
ity tests are conducted to prove that PPY/GQD com-
posites have better electrochemical performance.
Firstly, the EIS test results of PPY, PG10 and
PGQD10 showed in Fig. 7. The impedance plot can
be divided into the high frequency and the low fre-
quency component of the plot. In high frequency re-
gion, semicircle curve means the electronic transmis-
sion between interfaces of electrode materials. On the
other hand, the straight part of the plot at lower fre-
quency region inclines more closely to the imaginary
axis (y-axis), more smoothly the ion diffusion in the
electrolyte [32]. We can see PGQD10 electrode爷s
straight part inclines more closely to the imaginary
axis in Fig. 7, verifying its better capacitive behavior
than other electrodes. The intercept of semicircle at the
real axis is the equivalent series resistance (ESR) [33].
From the inserted image of Fig. 7, we got the ESR of
PGQD10 electrode is ~ 1.62 赘, which is smaller than
any other electrodes, revealing that the PGQD10
electrode assumes shorter ion diffusion path.
The conductivities of these materials further ver-
ified discussion above, showed in Tab. 2. The con-
ductivity of PGQD10 is 5.9 S窑cm-1, higher than 2.7
S窑cm-1 of pure PPY and 4.1 S窑cm-1 of PG10. Due to
defects on GO sheets, electronics can爷t move through
GO sheets smoothly, leading to lower conductivity of
PG10. Graphene quantum dots got by Photo-Fenton
reaction have fewer defects, so PPY/GQD nanocom-
posites have better conductivity. Conductivity of
PGQD50 is higher than PGQD10, also showed in
Tab. 2.
Sample PPY PG10 PGQD10 PGQD50
Conductivity/(S窑cm-1) 2.7 4.1 5.9 7.2
Fig. 6 CV curves at a scan rate of 0.005 V窑s-1 (A) and Galvanostatic charge-discharge curves at a current density (B) of 1 A窑g-1
of PPY, PG10 and PGQD10 electrodes
Fig. 7 Nyquist plots of PPY, PG10 and PGQD10 elec-
trodes
Tab. 2 List of conductivities of PPY, PG10, PGQD10 and
PGQD50
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On the other hand, the morphologies of the elec-
trode materials also have a huge impact on the elec-
trochemical properties and conductivities. For exam-
ple, the spherical PGQD10 with a diameter about 80
nm, have better electrochemical properties than
spherical PPY with a diameter about 200 nm and lay-
ered PG10. In the work of Zeng et al, high-quality
graphene scrolls (GSS) with a unique scrolled topog-
raphy were designed and significantly improved elec-
trochemical properties, because of the topological
change of graphene sheets[34]. In our experiments, the
morphologies of PG10, PGQD10 and PPY changed a
lot, leading to their capacitances so different. The
smaller particles may have higher specific surface
area and increase specific capacitance, such as PGQD
and PPY. The layered PG10 provides the broad 2D
plane, facilitating ion transport, and thus gets higher
capacitance and conductivity than pure PPY. Related
in-depth work is undergoing in our group.
Through electrochemical and conductivity test
above, we found that PGQD10 have better capacitive
behavior, higher conductivity than pure PPY and
PG10, which further illustrates that PPY/GQD
nanocomposites have better electrochemical perfor-
mance. Meanwhile, through comparison and tests of
a series of PPY/GQD composites, PGQD50 have the
optimal electrochemical properties among them.
Therefore, PGQD50 are more suitable as supercapac-
itor electrode materials. All the experimental data
above showed that the improved capacitance and en-
hanced cycling stability of PPY/GQD nanocompos-
ites might be mainly ascribed to fewer defects and
smaller particle sizes of composites, which can short-
en ion diffusion length and make higher materials uti-
lization.
3 Conclusions
In summary, we demonstrated that PPY could
grew on and coated GQD surfaces through in-situ
polymerization of pyrrole. The PPY/GQD nanocom-
posites were gained through a simple preparation pro-
cedure, which show better electrical conductivity,
electrochemical properties and cycling stability than
those of individual PPY and PPY/CRGO composites.
Morphology and structure of composites are charac-
terized by SEM, XRD and FT-IR, indicating that the
nanostructure of PPY was greatly affected by the ad-
dition of GQD during the synthesis process. Our re-
sults prove that enhanced electrochemical perfor-
mance can be obtained by doping PPY with a small
amount of GQD and the PGQD50 will be a good can-
didate for supercapacitor electrode with a competitive
specific capacitance of 485 F窑g-1. Further optimiza-
tion and control of the structures to exploit better
electrochemical properties of PPY-based composites
are undergoing in our group.
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石墨烯量子点增强聚吡咯超级电容器电极的
电化学性质





板袁以化学键的方式在石墨烯量子点的表面聚合生长成片状聚吡咯. 通过机械冷压法将粉末状 PPY/GQD 复合物
压成圆片电极. 电极的电化学测试结果表明袁PPY 和 GQD质量比为 50:1 所制得的复合物的电容量为 485 F窑g-1袁
同时在 2000 次循环之后电容量只降低了大约 2%. 通过与同比例的 PG渊聚吡咯/石墨烯复合材料冤以及纯 PPY 对
比袁发现聚吡咯/石墨烯量子点的高比容量及优异的循环稳定性将会使其在电化学超级电容器领域中具有潜在的
应用价值.
关键词院 氧化石墨烯曰 石墨烯量子点曰 聚吡咯曰 超级电容器
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